Over the past ten years or so, we have seen a proliferation of reports of new cell lines of various vertebrate species, showing hypersensitivity to killing by D N A damaging agents. Regrettably, but predictably, there is no standard terminology to describe the mutants, and as a result the literature is liberally scattered with fragments of individualistic nomenclature. There is no way of imposing order at this stage, but it may be helpful to bring together in this chapter as much information as possible on the mutants now available. As well as being an aid for reference, this should serve as a pointer towards further investigation -either in characterizing the mutants we have, or in developing new ones to fill gaps in our knowledge.
INTRODUCTION
The purpose of this chapter is twofold. For those intending to enter the field of D N A repair mutants, we provide an introduction to the methodology of mutant production and characterization, with particular emphasis on rapid and simple techniques. We discuss potential uses and problems of such mutants. We also hope that the chapter will be of use to those already engaged in this work, since it provides a reasonably complete survey of permanent human cell lines showing D N A repair defects, together with tables cataloguing the artificially induced repair mutants so far available.
This survey will be limited to higher eukaryote cell lines. The genetics of repair in prokaryotes, in yeast and in Drosophila, have been dealt with in other chapters of this book. Mutants will be described in terms of their sensitivity (and their cross sensitivities, i.e. sensitivities to agents other than that used for the original selection); and, where available, details will be given of the nature of the defect in the cells' response to D N A damage. In several cases, sets of mutant cell lines have been placed in different genetic complementation groups. Less commonly, complementation or the lack of it has been established between mutants originating in different laboratories.
As will be seen from the size of Table 2 , the majority of known D N A repair mutants originate from two Chinese hamster cell lines, and it is more than likely that effort will be concentrated to an increasing extent on this material. No doubt this approach will quickly yield a unified view of D N A repair mechanisms -but it is already clear that different species display surprisingly distinct repair phenotypes, and we should beware of fishing exclusively in one small area of the eukaryote gene pool.
First, then, we shall give an outline of methods for obtaining D N A repair mutants, from the initial mutagenesis, through enrichment and selection, to a complete characterization.
INDUCTION AND SELECTION OF CELL LINES DEFECTIVE IN DNA REPAIR

Mutagenesis
Standard procedures are used for this step, treating exponentially growing cell populations with chemical mutagens such as ethyl methane sulphonate (EMS), or radiation, and allowing several days (subculturing if necessary so that cells do not enter a plateau phase of growth) for expression of the induced mutations. At this stage, stocks of mutagenized cells may be stored frozen for use in later screening experiments. (For general information on mutagenesis, see Thompson & Baker, 1973; Basilico & Meiss, 1974; Kao & Puck, 1974.) 
Enrichment and selection
A common strategy is next to carry out an enrichment step, to exclude a large proportion of cells that are wild-type in terms of D N A repair. A 'suicide' procedure is adopted: for instance, after treatment with a D N A damaging agent, the cells are incubated with a D N A precursor analogue that will be incorporated into the D N A of normal cells in the course of repair synthesis, and will prove lethal; mutant cells defective in repair, unless they are in 5 phase, will tend to survive. Such protocols have been described by Isomura et al. (1973) , Stefanini et al. (1982) , and Fiorio et al. (1983) , with bromodeoxyuridine (BrdUrd) as an analogue of thymidine; on subsequent irradiation with 'black light', photolysis of incorporated base causes lethal D N A damage. Schultz et al. (1981 b) employed an analogous method but with high specific activity [3H]thymidine ([3H] dThd) substituted for BrdUrd-black light. In this case, death results from radiation damage caused by decaying incorporated tritium.
A complication with this strategy is its dependence on a D N A damaging treatment in order to produce the D N A resynthesis response; the D N A damage may be sufficient to remove from the population any highly sensitive mutants. Thus the enrichment is likely to produce a preponderance of moderate rather than extreme repair defects.
An alternative suicide approach involves infection of cells with virus previously treated with D N A damaging agent to inactivate it (Shiomi & Sato, 1979) . Wild-type cells repair the virus, restoring its activity, and are killed by it; repair-defective cells survive. It is, of course, important to avoid the possibility of secondary infection of surviving cells with virus released from cells that have successfully repaired it.
The most productive technique so far for selecting those clones in a mutagenized population (with or without a preceding enrichment step) that represent repair defects is the simple criterion of reduced growth/cell division following a low level of D N A damage. Thompson et al. (1980) examined individual colonies microscopi cally and carefully recovered those most affected. Busch et al. (1980) used an automated photographic recording device to identify colonies that did not increase in size during a specified interval after irradiation. An alternative, labour-intensive approach (which has the advantage that mutants do not undergo any genotoxic treatment during selection) is that referred to as 'toothpicking', where cells from individual colonies are transferred manually (using toothpicks) to establish sets of replicate colonies in multiwell plates or on agar; one set is then treated with the selecting agent, hypersensitive colonies are identified, and a cell line established from the corresponding well on the replicate plate (Shiomi et Jeggo & Kemp, 1983; Robson et al. 1985) .
True replica plating, i.e. where a pattern of colonies is copied directly from one culture dish to another, one of which is tested, has been used in several versions. Stamato & Waldren (1977) established replicas of Chinese hamster ovary (CHO) colonies on nylon cloth and then irradiated the master plate with ultraviolet light (u.v.) ; a colony that readily detached was located on the replica and later charac terized as the mutant UV-1. In a recent modification, Stamato et al. (1983) identified poorly growing colonies by matching photographic images taken at intervals after yirradiation. With the possibility of establishing multiple replicas on polyester mesh (Raetz et al. 1982; Collins, 1987) , matching can be done between a reference, untreated stained replica and the master plate, treated with D N A damaging agent, incubated for preferential loss of hypersensitive colonies, and stained with a contrasting colour. There is the further possibility that assays specific for enzymic D N A repair activities can be carried out on one of the replicas. Stefanini et al. (1982) succeeded in identifying colonies showing low unscheduled D N A synthesis (UDS) in an autoradiographic assay on a replica.
A quite different, intriguingly elegant selection technique (Abbondandolo et al. 1982 ) makes use of a 'multiwire proportional chamber', which apparently discrim inates between repairing and non-repairing colonies directly by comparison of levels of incorporation of [3H]dThd.
Characterization
Following selection of clones that are possible DN A repair-defective mutants, the defect has to be confirmed and the phenotype characterized. The need is for quick and simple assays that can accommodate a large number of selected lines requiring testing at one time. We will describe here several such techniques that should make life easier for the collector of D N A repair mutants.
The parameter of fundamental importance in a mutant is its degree of sensitivity to genotoxic agents. The conventional plating assay, which measures single-cell colonyforming ability over a range of doses of the agent, is precise and reproducible but time-consuming; 1-2 weeks are required to allow development of colonies. As an alternative, cells can be plated at moderate density, treated with a range of doses of DN A damaging agent, and the combined effect of cell killing and growth inhibition assessed a few days later by visual inspection after fixing and staining, or by protein estimation or counting of attached cells. This procedure is similar to the 'differential cytotoxicity' assay developed by Hoy et al. (1984) ; an example is shown in Fig. 1 . Arlett & Priestley (1983 , 1984 introduced a useful method for quantifying the efficiency of repair of potentially lethal damage (P LD ). In their procedure non cycling, pre-<S-phase cells were exposed to a D N A damaging agent and either replated immediately onto feeder layers to form colonies or replated after a 24 h period during which repair of P L D could occur. This method has proved to be extremely sensitive, maximizing discrimination between, for example, ataxiatelangiectasia (A-T), A-T heterozygote and wild-type fibroblasts. For permanent cell lines with less ability to arrest and therefore to repair P L D , this procedure may be more difficult to apply.
Repair D N A synthesis or U D S is a universally accepted parameter of excision repair capacity. Autoradiographic analysis of incorporated [3H]dThd is sound but slow (Pawsey et al. 1978) . UDS-can be measured by scintillation counting of acidinsoluble tritium, if replicative D N A synthesis is suppressed by hydroxyurea Fig. 1 . Cytotoxicity assay using multiwell plates. Wells were inoculated with 10s cells each (suspended in PBS) in columns of four wells for each cell type: HD-1A, HD-2, H eLa and HD-1. They were irradiated with u.v. (0, 2, 5 or 10 J m -2 as shown), medium was added, and incubation continued for 4 days before fixing and staining. Different cell types give different staining intensities in the control, unirradiated wells, presumably as a result of differing rates of growth, cell size or morphology. But it can be seen, from the relative decrease in intensity with u.v. dose, that HD-1A suffers greater cytotoxicity than HD-1, and that HD-2 is particularly sensitive compared with HeLa. Qualitatively, this is in accord with known u.v. survival parameters (Johnson et al. 1985 (Johnson et al. , 1986 . (Brandt et al. 1972) ; although there are theoretical objections to this procedure (Mullinger et al. 1983; Collins & Johnson, 1984) , it is justified by the success of its results.
A near-universal feature of the cellular response to D N A damage is the temporary depression of replicative D N A synthesis (Painter, 1977) . Generally the depression is more marked and the recovery slower in hypersensitive cell lines (Fig. 2) . Although this assay is valuable for its generality, it cannot provide information on which aspect of repair is defective.
D N A breaks reflect the balance between production of damage and its removal, and measuring breaks at different times after D N A damage is inflicted may give clues as to the nature of a repair defect. Sucrose gradient sedimentation, nucleoid sedimentation, filter elution and alkaline unwinding are alternative methods for measuring breaks (Cook & Brazell, 1976; Friedberg & Hanawalt, 1981 al. 1982) ; all steps are performed on these slides, and the incision profile of several cell lines can be obtained within a day (Fig. 3) .
Complementation analysis
Once a mutant cell line is characterized, it is important to know whether it is a novel variant or whether it fits into a known complementation group. For this, it is necessary in some way to combine the cells being tested with cells of a known complementation group and to assay for restoration of D N A repair activity (complementation), indicating whether or not the two cell lines are in the same complementation group. Complementation analysis is carried out on heterokaryons (the immediate product of fusion of cells of two distinct stocks, with two or more nuclei in a mixed cytoplasm; useful for short term studies); or, more rarely, on hybrids (i.e. the cell line derived from heterokaryons, carrying genetic components from each parent cell type). Complementation analysis by microinjection of cell extract of one type into cells of another type is a recent innovation, described by Hoeijmakers (1987) . Complementation/non-complementation can be assessed on In the case of heterokaryon analysis, it is crucial to be able to distinguish true heterokaryons from homokaryons where cells of the same type have fused. This can be done by growing the two cell lines with latex beads of different diameters; then only those binucleate cells with beads of both sizes need be scored (Murnane & Painter, 1982; Stefanini et al. 1985) . Alternatively, one cell type may be heavily labelled with [3H]dThd for at least one generation before the fusion, so that heterokaryons are identified as binucleate cells with one densely labelled nucleus (e.g. see Johnson et al. 1985) .
The assay for U D S in xeroderma pigmentosum (XP) heterokaryons by auto radiography is described, for example, by Pawsey et al. (1979) . Complementation between different ataxia-telangiectasia (A-T) strains is also assayed in heterokaryons by autoradiography but in this case recovery of the ability to inhibit replicative synthesis after X-irradiation is the index of complementation (Murnane & Painter, 1982; Jaspers & Bootsma, 1982) . Conversely, restoration of the ability to replicate D N A after u.v. irradiation marks complementation between different Cockayne Syndrome (CS) strains (Tanaka et al. 1981) . Lehmann (1982a) also demonstrated complementation between CS strains on the basis of the recovery of RNA synthetic ability after u.v. An approach that addresses a biological end-point of comp lementation is that of Day et al. (1975) . They infected XP heterokaryons with u.v.-irradiated adenovirus. If complementation of repair activity occurs between the two XP partners, the damaged virus is repaired and this is readily detected as a restoration of plaque-forming ability.
Hybrid cell lines are most easily produced when each parental variant involved in the fusion carries a different selectable genetic marker. Then, under appropriate selection, only successfully fused heterokaryons will survive to divide. Once estab lished, hybrid cell cultures can be tested for a range of repair end-points such as UDS, incision capacity and host cell reactivation of virus; or for survival after treatment with D N A damaging agent, either by the standard plating assay for single cell colony-forming ability (Thompson et al. 1981 (Thompson et al. , 1985a Johnson et al. 1985 Johnson et al. , 1986 Duckworth-Rysiecki et al. 1985 , 1986 , or by a quick assay for cell survival and growth resembling the cytotoxicity assay described above (Cleaver, 1982; Thompson et al. 1985a ).
In practice, provided sufficient clones are examined to remove the potential problems associated with chromosome segregation, hybrids should provide a wider view of complementation than can be achieved from heterokaryons. In one case hybrids have revealed discordance between UDS data and other repair assays.
Johnson et al. (1985) backcrossed a permanent XP D-like hybrid with fibroblasts from different XP complementation groups. With XP C, E and F cells u.v. sensitivity and D N A repair ability were restored to normal; with XP D all hybrids remained u.v.-sensitive, and with the exception of somewhat elevated UDS levels, no other repair assay indicated complementation.
DNA REPAIR MUTANT CELL LINES
In this section, we list mutants that have been induced in established cell lines by techniques similar to those described above. Tables 1-4 cover cell lines representing four different species: human (Table 1) , Chinese hamster (Table 2) , mouse (Table  3) , and frog (Table 4) . As is well known, many human D N A repair mutants occur naturally, as clinical conditions. There are numerous reviews of the work done with primary cultures of cells from patients with autosomal recessive traits such as XP, A-T, etc. (see e.g., Lehmann, 19826) . In the following section, we will describe those cases in which permanent cell lines have been derived from such cultures, making them potentially useful in long-term molecular and cellular genetic analysis.
PERMANENT CELL LINES FROM PATIENTS WITH XP, AT ETC.
Permanent fibroblast cell lines have been derived from most of the complementation groups of XP. The line XP12ROSV is the simian virus 40 (SV40)-transformed counterpart of XP12RO, of group A, and was obtained by G. Veldhuisen and D . Bootsma. A well-characterized subclone, XP12RPO-MI, has been described (Royer-Pokora & Haseltine, 1984) . Barbis et al. (1986) and Hashimoto et al. (1986) report other SV40-transformed XP A lines, derived from GM2009 and XP5NI, respectively. Immortal XP C lines have been produced by Daya-Grosjean et al. (1986) , and by Canaani et al. (1986) . In each case transformation was achieved by an origin-defective SV40 recombinant plasmid. One XP D line, derived from GM434 by means of the plasmid pSV7, has been described together with an XP E line from GM241S (Moses et al. 1986 ). An immortal SV40-transformed XP F line was derived from XP2YO by Yagi & Takebe (1983) , and an XP G line from GM3021 by Barbis et al. (1986) . A permanent XP variant cell line (from GM2359) has also been reported (Barbis et al. 1986 ).
Another important source of immortal XP cell lines, this time lymphoblastoid in origin (following infection with Epstein Barr Virus (EBV)) was described many years ago by Andrews et al. (1974) A fundamental problem with virally transformed cell lines such as these is the possibility that the process of transformation alters the phenotypic response to DNA damaging agents. This was illustrated some time ago for rat cells (Waters et al. 1977) and also for human cells (Heddle & Arlett, 1980) . More recently, permanent AT lines were shown to be somewhat less sensitive to X-rays than their precursor fibroblasts (Murnane et al. 1985) . It was known that the line XP12ROSV was hypersensitive to SCE formation after EMS treatment or u.v. irradiation (Wolff et al. 1977) . Heddle & Arlett (1980) found that this line was also hypersensitive to killing by EM S; but the corresponding primary XP strain showed no hyper sensitivity in either killing or SCE production by EMS. Furthermore, excision repair In distinct complementation groups (indicated by u.v.-dependent incision of DNA) is drastically reduced in SV40-transformed normal human cells as well as in the SV40-transformed Bloom's syndrome line (Squires et al. 1982 ). Viral transformation is often associated with defective repair of 0 6-alkylated purines (Day et al. 1987 ) and with enhanced rates of chromosome breakage and SCE (Wolff et al. 1977; Popescu et al. 1983) , and Teo et al. (1983) suggest that the sensitivity of XP12ROSV to ethylating agents, and the defective removal of 0 6-ethyl groups, results from transformation rather than from the XP phenotype. The report of poor 0 6-alkyl removal from an XP C lymphoblastoid line by Altamirano-Dimas et al. (1979) (1984) is one example. In other cases the complete wild-type, repair-competent phenotype is restored, as in the case of the spontaneously transformed XP line described by Thielmann et al. (1983) , or the XP G line produced by Moses et al. (1986) . Moreover, high rates of reversion of XP A cell lines to u.v.-resistant phenotypes have been reported (Takano et al. 1982; Royer-Pokora & Haseltine, 1984) , while many AT lymphoblastoid cell lines display wild-type chromosome stability (Cohen et al. 1979 ). Clearly it is necessary to exercise great caution when regarding transformed cell lines as the accurate counterparts of the primary repair-defective or hypersensitive cell strains.
Continued overleaf
In the context of viral transformation u.v.-and 4-nitroquinoline-l-oxide (4-NQO)-sensitive permanent human fibroblast lines from a normal embryo have been reported in the absence of selection, by Suzuki & Kuwata (1979) and Suzuki & Fuse (1981) , following complex double infection with Rous Sarcoma virus and SV40. From two of these clones revertants have been isolated after EMS mutagenesis and u.v. selection, though frequencies of reversion are not provided (Suzuki & Kuwata, 1979) .
Finally, though from another species, the SV40-transformed Indian muntjac cell, SVM, should be mentioned in this section. SVM arose spontaneously from SV40 infection of a skin fibroblast culture and was not selected for the considerable sensitivity to u.v. and 4-NQO that it expresses (Pillidge, 1984) . Its high spontaneous rate of chromosome aberrations suggested, however, that it might display repair defects and it was found to have aberrant post-replication recovery (daughter strand repair), as well as impaired ability to recover RNA synthesis after u.v. (Pillidge et al. 1986a ). Moreover, u.v. induces numerous chromosome aberrations and abundant SCE in this cell (Pillidge et al. 19866) .
A quite different approach, not involving viral transformation, was adopted by Johnson et al. (1985) to establish a permanent line of XP D. HeLa (permanently growing heteroploid human) cells were fused in suspension with XP D fibroblasts, using inactivated Sendai virus. The HeLa cells had been X-irradiated prior to fusion, so that unfused HeLa cells would not be expected to proliferate. But some hybrid cells survived to form clones, having apparently gained the capacity for indefinite growth from a HeLa component, and of these one clone, HD2, closely resembles XP D in its u.v. sensitivity and D N A repair characteristics (Johnson et al. 1985) .
DISCUSSION
The variety of D N A repair mutants that we have already might seem to indicate that there is no need to look for more. But D N A repair is likely to involve complex genetic systems, judging by what is now known for bacteria and by the plethora of complementation groups for XP representing just one step of repair, several of which clearly appear not to be allelic (Giannelli et al. 1982) . It is unlikely, for instance, that the six complementation groups for CHO u.v. excision repair are all that exist (see Friedberg, 1987; Downes, 1986) .
Mutants are invaluable for investigating the biochemistry of D N A repair. They are also, of course, exploited as recipients for transfected D N A in attempts to identify D N A repair genes. Before beginning a search for further mutants, it is wise to check that the cell line to be used will yield a suitable system; some otherwise valuable mutants are very poor at taking up foreign DNA (Schultz et al. 1985; Hoeijmakers et al. personal communication) .
The frequency at which D N A repair mutants arise is remarkably high, around 1 in 104 or even higher (Thompson et al. 1980; Busch et al. 1980; Jeggo & Kemp, 1983; Robson et al. 1985) . In common with other families of CHO mutants the abundance of D N A repair mutants lends support to the possibility that CHO cells might be physically or functionally hemizygous, so that mutation in only one allele is necessary to establish a mutant phenotype (Siminovitch, 1976) . The hemizygous state may result from selective methylation; azacytidine, which blocks methylation, caused the reversion of xrs mutants to a normal phenotype (Jeggo & Holliday, 1986) .
It is noteworthy that certain steps in the excision repair of u.v. damage (the most-studied pathway) seem to be over-represented among mutants. Almost all show defective incision; those that do not, tend to have ill-understood faults in post-replication recovery, i.e. tolerance mechanisms for replication in the presence of damage. The later stages of excision of damage, repair synthesis and ligation, seem genetically intractable (with the possible exception of a ligation anomaly in the human condition 46BR (Henderson et al. 1985) and several mouse cell lines (Pearson & Styles, 1984; Yin et al. 1973) ). This may well be because the enzymes responsible for those steps are involved also in D N A replication or other essential processes, so mutations will tend to be lethal.
There is mounting evidence that defects in processes associated with DNA replication are often accompanied by elevated sensitivity to D N A damage. Thus, temperature-sensitive CHO cell lines tsl3A and tsl5C are hypersensitive to killing by alkylating agents (Srinivasan et al. 1980) , as are deoxycytidine kinase-deficient CHO mutants (Meuth, 1983) . Purine auxotroph CHO lines, in a purine-starved state, perform an abortive kind of D N A repair that appears to be mutagenic (Collins, 1985, and unpublished results) . And an aphidicolin-resistant hamster (V79) mutant, aphr 4-2, which has an altered D N A polymerase a with increased affinity for dCTP, is hypersensitive to both killing and mutation induction by u.v. light 
It is important that D N A repair should be seen, not as an isolated phenomenon, but as one aspect of the integrated nucleic acid economy of the cell. The need now is for biochemical and genetic approaches that will allow us to investigate the relationship between normal D N A replication and the various mechanisms that the cell uses in order to cope with D N A damage and genetic misinformation.
W e thank D r Istvan Rasko for helpful comments on the manuscript.
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